The capacitively-coupled combline (CCC) antenna has been developed for current drive by the lower hybrid wave (LHW) on the TST-2 spherical tokamak. The combline antenna was developed to satisfy the requirements of high directionality, low reflectivity, and simple feeding. Since the combline antenna makes use of mutual coupling between neighboring elements, only the first and the last elements are connected to external feedlines. Each element is an L-C resonant circuit, coupled to neighboring elements by mutual capacitance, and exhibits a passband characteristic. The inductive elements are covered so neighboring elements do not couple inductively to each other and the RF magnetic field does not extend into the plasma. Faraday shield is not necessary. RF powers and power densities of the order of 100 kW and 1 MW/m 2 can be achieved easily in small antennas of the order of 0.1 m 2 . The two CCC antennas installed in TST-2 (outboard-launch and top-launch) excite toroidal refractive index (nphi) spectra peaked around 5. Wave excitation calculation using a finite element code shows that the excited power of the nphi = 5 LHW component increases rapidly when the plasma cutoff density layer (where ne = 5 × 10 14 m -3 ) becomes closer than 27 mm from the antenna surface, in agreement with experiment. Experimentally, the density profile in front of the antenna can be controlled by adjusting the side limiter location or antenna-plasma distance, and should be optimized for antenna-plasma coupling, since too high coupling results in a broadened and less directional nphi spectrum, and too low coupling results in a less efficient power coupling. Using these antennas, successful ST plasma start-up and Ip ramp-up to over 25 kA (about 1/4 of the nominal Ip for OH operation) have been achieved with RF power of less than 100 kW in about 40 ms.
INTRODUCTION
The spherical tokamak (ST), characterised by low aspect ratio (A = R/a < 2), has the attractiveness of stable operation at high β, but it is considered impractical to realize a compact ST reactor unless the central solenoid (CS) is eliminated [1] . Even for conventional tokamaks, the elimination of CS is desirable for achieving sufficiently low A (2 to 2.5) to take advantage of improved β limit, and to ensure engineering feasibility to operate at sufficiently high toroidal field [2] . In either case, tokamak operation without the CS is needed. Non-inductive plasma start-up experiments using the LHW are being conducted on TST-2 [3] . Successful ST plasma formation and Ip ramp-up to substantial levels (about 1/4 of the nominal Ip for OH operation) have been achieved using CCC antennas [4] .
In order to excite a highly directional wave required for efficient current drive, an antenna array consisting of many elements (typically about ten) is necessary, but it is impractical to feed each of these elements independently in a device with limited accessibility. The combline antenna [5] was proposed to satisfy the requirements of high directionality, low reflectivity, and simple feeding. Since the combline antenna makes use of mutual coupling between neighboring elements, only the first (input) and the last (output) elements are connected to external feedlines and the others are excited passively. Inductively-coupled combline (ICC) antennas have been used successfully on JFT-2M [6] , and are either being used or planned on DIII-D, KSTAR, WEST, and DEMO.
TRAVELLING WAVE ANTENNAS USED ON TST-2
Three types of combline antenna were used on TST-2: 11-element ICC antenna [7] , 13-element CCC antenna (outboard-launch) [8] , and 6-element CCC antenna (top-launch) [9] . The ICC antenna excites the fast wave with the RF electric field polarized in the poloidal direction, whereas the CCC antenna excites the LHW with the RF electric field polarized in the toroidal direction. Photographs of the two CCC antennas and a simplified circuit diagram are shown in Fig. 1 . Each element is an L-C resonant circuit, coupled to neighboring elements by mutual capacitance, and exhibits a passband characteristic similar to a combline filter. The copper capacitive elements are shaped so that the RF electric field extends well into the plasma. The inductive elements for the outboard-launch antenna consist of two half-turn loops (one on each end of capacitive element, as shown in Fig.  2 ) and are covered so neighboring elements do not couple inductively to each other and the RF magnetic field does not extend into the plasma. The inductive elements for the top-launch antenna consist of two shorted stubs on each end of capacitive element, oriented away from the plasma, as shown in Fig. 3 . Faraday shield is not necessary. The two CCC antennas installed in TST-2 excite toroidal refractive index (nphi) spectra peaked around 5 with full width at half maxima of around 2, where nphi = ckphi/omega. Using these antennas, ST plasmas have been formed and Ip has been ramped up to 25 kA (outboard-launch) and 27 kA (top-launch) with RF power of approximately 100 kW in about 40 ms. The highest power and power density achieved are 120 kW and 0.75 MW/m 2 for outboard-launch, and 90 kW and 1.1 MW/m 2 for top-launch. These levels are not yet limited by antenna power handling or transmitter capability.
. 
FIG. 1. Outboard-launch CCC antenna (top left) and top-launch CCC antenna (top right) installed in TST-2, and a circuit diagram of the CCC antenna (bottom).

FIG. 2. Single end element of the outboard
MODELLING OF CCC ANTENNAS
The electrical characteristics of the antennas and the excitation of the LHW can be modelled by finite element codes such as COMSOL Multiphysics [10] (examples are shown in Figs. 4 and 5). The plasma is modelled as a dielectric material with cold plasma dielectric tensor. Subsequent wave propagation, absorption, and evolution of the electron distribution function (from which the driven current can be evaluated) are modelled by either a full-wave code or ray-tracing code coupled with a Fokker-Planck code, such as GENRAY [11] / CQL3D [12] . Wave excitation calculation using COMSOL shows that the excited power of the nphi = 5 LHW component increases rapidly when the plasma cutoff density layer (where ne = 5 × 10 14 m -3 ) becomes closer than 27 mm from the antenna surface, in agreement with experiment. The density profile was measured in front of the outboardlaunch antenna in the absence of RF power. The density at the leading edge of the side limiters of the antenna (at R = 585 mm) was in the range 10 15 m -3 to 10 16 m -3 , and the density decay length was of the order of 10 mm. A reliable density profile could not be measured in the presence of RF power. However, in order to reproduce the measured RF power transmission coefficient through the antenna (typically -20 dB) by COMSOL calculation, it was necessary to assume the density to drop by a factor of 10 in 10 mm. Such a sharp density in front of the antenna may be caused by the ponderomotive force. Experimentally, the density profile in front of the antenna can be controlled by adjusting the side limiter location or antenna-plasma distance, and should be optimized for antenna-plasma coupling, since too high coupling results in a broadened and less directional nphi spectrum, and too low coupling results in less efficient power coupling, which necessitates recirculation of the transmitted power. 
ANTENNA TUNING
Antennas were initially tuned in atmosphere so that the passband is nearly centered around 200 MHz used in experiments, and the reflection at this frequency is nearly zero by adjusting the RF feeding point to where the input impedance is 50 Ohms (see Fig. 5 ). The phase shift between adjacent elements (and therefore the excited toroidal wavenumber spectrum) is determined by the location of 200 MHz within the passband. It is useful to utilize a circuit simulator code such as LTspice [13] (which has less details compared to COMSOL, but runs much faster) to guide the tuning process. For example, a single frequency COMSOL calculation takes about 15 minutes and requires 100 GB of memory, but LTspice requires only 2 GB of memory and can run 10,000 frequencies in 5 seconds.
An LTspice model of the top-launch antenna is shown in Fig. 6 . The model shown in Fig. 6 includes capacitive elements stainless steel walls (back wall and side walls) and inductors (two shorted stubs of variable lengths per capacitive element). The stubs are modelled by C and L for each centimeter of the coaxial line. Capacitances from each capacitive element to the neighboring element and to the back wall, and capacitances from the end elements to the side walls are fixed, whereas the length of each stub (from the capacitive element to the short) and the positions of the input and output ports are variable. The stub length for the two end elements are shorter than those for the middle four elements by about 10%. Tuning of the antenna proceeds as follows: First, the stub lengths are adjusted so that the passband is roughly centered around 200 MHz and the phase shift corresponds to the desired wavenumber. Second, the stub lengths of the end elements are adjusted so that the reflection minimum is located at 200 MHz. Finally, the height of the input/output ports are adjusted to minimize the reflectivity at 200 MHz.
The plasma load was simulated by a thin resistive film (300 Ohms square) experimentally. The spikey structure in the reflected power disappears and the transmitted power decreases as the film approaches the antenna surface, as shown in Fig. 7 . COMSOL calculations show that the transmitted power exiting the output port is -2 to -3 dB of the input power when the plasma cutoff layer is placed 51 mm and 36 mm in front of the top-launch antenna, but it decreases to -7 dB when the cutoff layer is placed 28 mm in front of the antenna, indicating that the propagating region inside the plasma (with density greater than the cutoff density) should be placed 30 mm or less in front of the antenna for effective wave excitation. This is in agreement with the experimental result obtained using a resistive film.
FIG. 6. LTspice model of the top-launch CCC antenna.
FIG. 7. Dependences of transmission and reflection characteristics on the distance between the antenna surface and the resistive film (no film, 13 mm, and 28 mm). Reduction of transmission corresponds to LHW excitation in the plasma.
EXPERIMENTAL RESULTS OBTAINED WITH CCC ANTENNAS
The CCC antennas were used successfully to perform plasma start-up and plasma current ramp-up experiments on TST-2. Typical waveforms of plasma current ramp-up experiment are shown in Fig. 8 . Details of comparison between the top-launch and outboard-launch antennas are reported in [14] . Note that top-launch with counter-clockwise Bt is equivalent to bottom-launch with clockwise Bt. Although the density is not perfectly matched in all cases, it can be seen that generally higher Ip can be obtained at higher Bt, and with top-launch CCC (for both directions of Bt). The dependences of the driven Ip on Bt and on the top limiter height are shown in Fig.  9 . In addition to the generally increasing trend of Ip with Bt, it can be seen that the upper limit of Ip is higher when the top limiter location is higher, which enables plasmas with larger cross section to be formed. Based on this observation, it was decided to shorten the stubs of the top-launch antenna so the top limiter can be moved higher. LTspice simulation was used extensively to optimize the design. The diameter of the inner conductor of the coaxial line was reduced to increase the inductance per unit length. By increasing the ratio of the outer conductor radius to the inner conductor radius from 2.3 to 5.7, it was possible to shorten the stub lengths by 40% (from 200 mm to 120 mm). The lengths of the stubs and the height of input/output ports were determined following the procedure described in Sec. 4. A comparison of LTspice simulation and measurement of the antenna (without plasma) is shown in Fig. 10 . The agreement is satisfactory. 
FIG. 8. Waveforms of plasmas driven by
CONCLUSIONS
The CCC antenna was developed for current drive by the LHW in tokamaks. It can excite the LHW with high directionality efficiently with simple feeding with low reflectivity (of the order of 1%). RF powers and power densities of the order of 100 kW and 1 MW/m 2 can be achieved easily in small antennas of the order of 0.1 m 2 , because of the inherently low standing wave ratio. Successful ST plasma start-up and Ip ramp-up have been demonstrated on TST-2. Antenna characteristics and wave excitation can be modelled by finite element codes such as COMSOL Multiphysics. A circuit model based on LTspice was developed to study parameter dependences of the antenna characteristics efficiently. A procedure for tuning combline antennas has been developed based on such a model.
